1. Introduction {#sec0005}
===============

After experiencing a traumatic event, not all individuals develop stress-associated disorders such as post-traumatic stress disorder (PTSD) or depression ([@bib0050]). Pre-existing psychophysiological markers such as higher resting heart rate (HR) ([@bib0070], [@bib0075]), higher skin conductance (SC) and slower SC habituation to startling sounds ([@bib0380]; [@bib0415]) are associated with an increased risk to develop PTSD. However, key factors that modulate the differential course of PTSD development include those that operate during and directly after the traumatic event, such as peri-traumatic emotional responses ([@bib0015]; [@bib0390]), coping behaviour ([@bib0190]; [@bib0440]) and early intrusive memories ([@bib0355]; [@bib0480]) and appraisals ([@bib0485]). Previous studies investigating these risk factors have mainly used retrospective assessments that are prone to memory biases ([@bib0115]; [@bib0195]). To assess risk factors in real-time, prospective designs using analogue trauma for stress induction under controlled experimental conditions are needed.

Among the most established paradigms to induce stress in a laboratory setting are viewing aversive static pictures (e.g. International Affective Picture System (IAPS); ([@bib0300]; [@bib0385]) and viewing traumatic film footage ([@bib0215]; [@bib0255]), both eliciting comparable stress levels ([@bib0510]). However, these paradigms may rely considerably on individuals' capacity for perspective taking and empathising with other people ([@bib0140]; [@bib0515]). Paradigms providing the opportunity to experience events from a *first-person perspective* may overcome this limitation ([@bib0010]; [@bib0270]; [@bib0335]). For example, they may enable the generation of new personal memories with high self-relevance ([@bib0065]; [@bib0245]; [@bib0460]) and person-environment interactions ([@bib0295]; [@bib0340]; [@bib0435]), notably including coping behaviour ([@bib0005]; [@bib0495]).

Virtual Reality (VR) is a promising experimental stress induction method allowing for first-person perspective experiences ([@bib0030]; [@bib0150]; [@bib0475]). In VR, movements with real-time visual-auditory orientation and 3-D views are enabled by a joystick and a head-tracked head-mounted display. VR is associated with high levels of presence (a feeling of "really being" within VR) ([@bib0435]) and immersion ([@bib0430]), both facilitated by multi-sensory simulations ([@bib0055]; [@bib0365]) and person-environment interactions ([@bib0435]). VR enables experimental control and the manipulation of distinct variables in complex situations ([@bib0285]; [@bib0435]). A standardised VR application allows for stress responses to be recorded in real time ([@bib0430]) and comparisons between individuals while coping with stress ([@bib0280]; [@bib0435]). The psychophysiological stress response qualitatively seems to share similarities to real traumatic situations but less intense, thus providing ecological validity ([@bib0280]; [@bib0435]). VR has been shown to induce higher emotional stress levels than viewing of aversive pictures ([@bib0120]) and elicits similar stress responses and intrusive memories as trauma films ([@bib0030]; [@bib0130]; [@bib0150]).

Another standardised stress induction allowing for first-person perspective experiences ([@bib0345]) is Script-Driven Imagery (SDI), where participants vividly imagine a stressful event with themselves being actively involved as described by a narrator using a standardised script. Mental imagery is defined as a perception-like experience without sensory input, and is strongly related to emotional processes and evokes more intense emotional responses than does verbal processing ([@bib0225]). Since imagined interaction with a stimulus can elicit similar emotional reactions as a real interaction with the same stimulus ([@bib0295]), it may function 'as an "as-if real" template' for practising and modifying emotional and behavioural reactions to the same stimulus in real life ([@bib0260]). Thus, the flexible adaption to a given individual's unique personal experience is an important strength of the SDI methodology, as one can argue that SDI can be more personalised for a given event, than would be a more standardised stimuli such as VR. Mental imagery is further strongly linked to autobiographical memory processes in general ([@bib0205]) and mental imagery of autobiographical traumatic events can reactivate trauma-related stress responses ([@bib0345]). Similarly, imagery of standardised stressful scripts, for example of a traumatic situation, can also elicit stress responses and intrusive mental images in the absence of having experienced or witnessed such an event ([@bib0205]; [@bib0290]; [@bib0345]).

Here we developed two standardised, multisensory analogue traumatic events to create a stress induction - one in VR and one in SDI - to investigate peri- and post-traumatic risk factors potentially modulating stress processing and disorder development, in a controlled laboratory setting. Multisensory components were added to both paradigms with the intention to make them stronger. Previous studies by our group have found that the VR paradigm can induce emotional stress comparable to viewing a 2-D trauma film and intrusive memories ([@bib0030]; [@bib0475]). The SDI paradigm has also been shown to elicit psychophysiological stress (unpublished results). Coping behaviour, defined as the effort to manage situations that are appraised as stressful ([@bib0305]), can be assessed in both paradigms. Coping behaviour is negatively associated with post-traumatic stress and trauma symptoms as well as positively with psychological well-being ([@bib0080]; [@bib0090]). Active (vs passive) coping, seems to be the most adaptive behaviour in situations with possible controllability ([@bib0375]; [@bib0500]). This combination of real-time assessment including coping behaviour is a novel innovation in analogue trauma designs. In the current study, trait mental imagery ([@bib0265]) and experienced realness in both paradigms ([@bib0325]; [@bib0400]; [@bib0430]; [@bib0435]), computer game experience in VR ([@bib0175]) and imagery perspective in SDI ([@bib0235]) were also assessed.

In the current study, we used a randomised experimental crossover design to investigate and compare the stress induction effect compared to a neutral control of both using a VR and SDI as an experimental analogue of a trauma event. Both VR and SDI were multi-sensory (visual, olfactory, auditory). Outcome measures included psychophysiological emotional response (reactivity of anxiety, arousal, stress, helplessness, skin conductance, heart rate), coping behaviour (expert ratings of adaptive/maladaptive coping behaviours) and intrusive memories of the analogue traumatic event (frequency, related worry and mental occupation) in real-time. We further explored intrusive memories, hyperarousal and avoidance one week after the analogue trauma.

We hypothesised that both paradigms, VR and SDI, would induce higher psychophysiological responses in response to an analogue trauma compared to the neutral condition. In addition, we expected higher psychophysiological responses in the analogue trauma for VR than SDI. Furthermore, we expected that VR and SDI analogue trauma can both impact coping behaviours and intrusive memories, with more frequent coping behaviours and intrusive memories following VR than SDI.

2. Methods {#sec0010}
==========

2.1. Participants {#sec0015}
-----------------

Participants were 141 volunteers recruited via advertisements. Exclusion criteria were a reported previous or current diagnosis of a psychological disorder, previous exposure to a traumatic event, the use of emotion-affecting medications (e.g. pain reliever). An a priori sample size calculation suggested 62 participants per group to detect a medium between-group effect size in a MANOVA (1-*β* = 0.80, *α* = 0.05). After screening 181 individuals, 141 participants were included. Participants were randomly assigned to VR or SDI, and either received a neutral or the analogue trauma condition first (counterbalanced). Fourteen participants were further excluded from analyses, as they only completed baseline questionnaires or terminated the experiment ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1**Study flowchart.** After screening 181 participants, 141 individuals were randomly assigned to the Virtual Reality (VR) or Script-Driven Imagery (SDI) paradigms, in the order stress (analogue trauma) followed by a neutral condition or vice versa (counterbalanced). After excluding 14 participants, the final sample consisted of 127 individuals.Fig. 1

The final sample consisted of 127 individuals (*n* = 66 VR; *n* = 61 SDI), mean age was 23 years (*M* = 22.89; *SD* = 5.92). Participants did not receive financial compensation. The study was approved by the Ethics Commission of the University of Freiburg (reference number: 221/11). All participants provided their written and informed consent.

2.2. Procedure {#sec0020}
--------------

We used a mixed design with delivery method (VR, SDI) as randomly assigned between-subject factor and experimental condition (neutral condition, analogue trauma condition) as within-subjects factor in counterbalanced order by experimental condition ([Fig. 1](#fig0005){ref-type="fig"}).

Participants first received information about the study, provided written informed consent and completed baseline questionnaires. Baseline levels of emotional responses (resting state) were obtained during (physiological measures: SC, HR) and after (self-report: anxiety, arousal, stress, helplessness) watching a non-arousing five-minute film clip of landscapes. Afterwards, all participants completed either VR or SDI training (according to condition allocation) and were then exposed to both the neutral and analogue trauma conditions by VR or SDI (in counterbalanced order). We used additional baselines of 5 min in between all phases to avoid carry-over effects. The VR and SDI scripts were presented with the same content until the emergency situation occurred. No instructions were given about how to behave during the emergency situation to allow a realistic simulation. During the analogue trauma, the experimenter sprayed a smell of smoke (Wilhelm Perfumes, Zürich, Switzerland) to enhance immersion and realness in the emergency scenario ([@bib0055]; [@bib0365]). Following each phase, anxiety, arousal, stress and helplessness was assessed. Physiological emotional arousal was continuously recorded throughout the experiment by SC and HR, and the experiment was performed in a temperature-controlled room (22 °C). Coping behaviour was assessed only in the analogue trauma condition. Scenario-specific variables such as experience with computer games, sense of presence for VR and vividness for SDI as well as control questions for both paradigms (e.g. level of realness, compliance and attention) were measured after the experiment. Finally, participants completed the IMQ the following day and the IES-R one week later to assess intrusive memories, followed by a debriefing.

2.3. Materials {#sec0025}
--------------

### 2.3.1. Experimental and control stimuli {#sec0030}

The analogue traumatic event in both paradigms comprised a multi-sensory simulation of an emergency scenario in an underground parking lot and in addition to visual presentation in VR, was presented auditorily via headphones and olfactorily by exuding the smell of smoke via a ventilator ([@bib0055]; [@bib0365]). Participants were instructed to go to their virtual or imagined car. Shortly before reaching the car, a loud detonation followed by fading lights and the smell of atomised smoke were presented. A burning car and an injured man crying for help were then presented three-dimensionally in the VR scenario, or the participant was instructed to imagine this according to the SDI script. Psychophysiological threat was induced by a virtual presentation or the imagination of smoke and coughing sounds. The scenarios ended once the participants left the parking lot.

The non-stressful control situation consisted of a simulation (VR) or imagination (SDI) of the same underground parking lot but without any negative events happening. This was presented auditorily via headphones in both paradigms and three-dimensionally in the VR scenario. Participants were instructed to go to their virtual or imagined car that was momentarily blocked by an unloading pick-up truck. Meanwhile, they could search for and contact the driver.

#### 2.3.1.1. Virtual Reality (VR) {#sec0035}

Based on a modified video-game simulator (Valve's Source Engine) the neutral and analogue trauma scenarios in VR were presented visually in a first-person perspective using two colour displays of a Head Mounted Display (HMD; Type TriVisio VR Vision) in 3-D and olfactorily. Participants' head movements were transmitted via a Calibri tracker in the HMD to record visual field changes within the VR. Participants were provided with a joystick (Type Thrustmaster T.16000M) to perform movements within the VR. We assessed previous experience with computer games. Participants received VR training before the virtual scenarios including the underground parking lot and the car for the experimental conditions. The time within the VR scenarios and coping behaviour were automatically registered by the game engine.

#### 2.3.1.2. Script-Driven Imagery (SDI) {#sec0040}

The neutral and analogue trauma SDI situations were presented via audio script and olfactorily. The audio script comprised a high number of detailed adjectives to stimulate vivid mental images ([@bib0525]) and was orally presented in the present tense by headphones with an appropriate emotional prosody to increase emotional engagement ([@bib0405]). Participants received general mental imagery training ([@bib0040]) and a more specific mental imagery training including an introduction to the underground parking lot and the car used in the experimental conditions before the SDI scenarios. Participants were instructed to generate vivid mental images from a first-person perspective with their eyes closed and to experience the associated sensory responses and feelings as if they were actively involved while listening to the script ([@bib0235]). Participants were instructed to continue with the mental imagery and to report on their scenario-related feelings, thoughts and behaviour once the script terminated. The time spent within the SDI scenarios was recorded by the experimenter.

### 2.3.2. Psychometric measures {#sec0045}

#### 2.3.2.1. Psychopathology {#sec0050}

Individual psychological distress related to overall psychopathology was assessed by the Global Severity Index (GSI) of the 53-item *Brief Symptom Inventory* (BSI; [@bib0180]) during the last week on a 5-point-scale (0 = *not at all* to 4 = *extreme*). The GSI has demonstrated high internal consistency, at *α* = 0.95 ([@bib0180]).

Current depressive symptoms were measured with the 20-item simplified *Beck Depression-Inventory* (BDI-S; [@bib0025]; [@bib0210]; [@bib0445]) on a 6-point scale (from 0 = *never* to 5 = *almost always).* The clinical cut-off value of the simplified version is 35 ([@bib0450]). The BDI-S has shown excellent reliability of *α* =0.93 ([@bib0455]).

Physiological and cognitive anxiety symptoms within the last 7 days were measured with the 21-item *Beck Anxiety Inventory* (BAI; [@bib0020]; [@bib0320]) on a 4-point scale (0 = *not at all* to 4 = *extreme*). Internal consistencies in non-clinical samples have ranged between α = 0.76--0.94 ([@bib0320]).

#### 2.3.2.2. Scenario-specific variables {#sec0055}

The tendency to use visual mental imagery in daily life was measured with the 12-item *Spontaneous Use of Imagery Scale* (SUIS; [@bib0425]) on a 5-point scale (1 = never to 5 = *always*). The SUIS has demonstrated high internal consistency, at α = 0.98 ([@bib0425]).

The sense of presence in the virtual environment was measured with the 14-item *IGroup Presence Questionnaire* (IPQ; [@bib0470]) with the subscales spatial presence (sense of being physically present), the experienced involvement and realism and the sense of being there on a 7-point scale (*0 = not at all to 6 = very much*). The internal consistency of the IPQ was α = 0.63--0.78 ([@bib0465]).

Scenario-specific variables were further assessed with a questionnaire regarding previous experience with computer games for VR (1 = *not at all* to 6 = *extreme*), vividness (1 = *not at all* to 6 = *extreme)* and appropriate speed of the audio script for participants personal mental imagery (yes/no) for SDI as well as control questions, e.g. concerning the level of realness (1 = *not at all* to 6 = *extreme)*, compliance (1 = *not at all* to 6 = *extreme)* and attention (dichotomous scale (*yes/no)* for correct detail recognition) for VR and SDI.

#### 2.3.2.3. Subjective emotional responses {#sec0060}

Anxiety, arousal and helplessness were rated on an 11-point Likert scale (0 = *not at all* to 10 = *very strong*) ([@bib0310]). Stress was measured with a visual analogue scale, ranging from 0-100.

#### 2.3.2.4. Intrusive memories {#sec0065}

Spontaneous involuntary intrusive memories one day after the analogue trauma were measured with the modified 10-item *Intrusive Memory Questionnaire* (IMQ; [@bib0350]). The IMQ assessed the frequency (absolute number of occurrences) of and related worry ("0" = *not present* to "100" = *most extreme*) about intrusive memories across sensory modalities (visual images, sounds/smells) and thoughts, as well as mental occupation with the precipitating event (0--100%; relative amount of time of the total time since experiencing the event). In this study, we did not analyse the 3 items concerning temporal appearance of intrusive images, thoughts and sounds/smells. Internal consistency of the IMQ in the current study was α = 0.88.

The severity of intrusion, avoidance, and hyperarousal symptoms during the week after the analogue trauma were examined with the 22-item *Impact of Event Scale-Revised* (IES-R; ([@bib0315]; [@bib0530]) on a 4-point scale (0 = *not at all* to 4 = *often*). The IES-R has shown good reliability, at α = 0.79--0.90 ([@bib0315]).

### 2.3.3. Coping behaviour assessment {#sec0070}

For the VR method, coping behaviour was recorded automatically from the game engine. For the SDI method, participants were instructed to vividly imagine themselves being actively involved in the events and report their coping behaviour directly after SDI analogue trauma exposure. Based on expert ratings of professional firefighters from a local fire station, the following coping behaviours *activate fire alarm, approach emergency, take fire extinguisher*, *stoop over* (in order to protect oneself from smoke), *address person*, *extinguish fir*e and *take car exit or stairs* to leave the parking lot were classified as "adaptive behaviour", while *take elevator* was classified as "maladaptive behaviour" for the given emergency situation. Furthermore, weighted average scores of each coping behaviour were obtained by experts' rating regarding the importance (0 = *not important* to 10 = *very important*) of each behaviour occurring within the given emergency scenario (importance x frequency). In addition, a total score of adaptive and maladaptive behaviours was calculated for each individual. The total score was computed as the difference of adaptive and maladaptive behaviours (total sum score adaptive minus maladaptive values). Higher scores indicate more adaptive coping behaviour.

### 2.3.4. Acquisition and analysis of the physiological data {#sec0075}

We recorded skin conductance (SC) and heart rate (HR) as objective biological markers of autonomic activity and emotional arousal ([@bib0035]; [@bib0060]). SC is strongly associated with emotional processes and functions as a sensitive indicator of emotional arousal regulated by the sympathetic nervous system ([@bib0060]; [@bib0125]). As another established indicator of the autonomic stress response we used HR, reflecting the modulation of both the sympathetic and the parasympathetic nervous system ([@bib0035]; [@bib0085]).

Both peripheral physiological parameters were recorded by Varioport II Systems (Becker Meditec, Karlsruhe, Germany). SCL was recorded at a sampling rate of 125 Hz, over two 11 mmAg/AgCl electrodes on the middle phalanx of the index and middle fingers of the immobilised non-dominant hand, a constant current flow voltage of 0.5 V was applied. To avoid movement artefacts, joystick operations were performed with the dominant hand. HR was recorded at a 400 Hz sampling rate using a 3-lead Wire electrocardiogram (ECG) via three dermal electrodes placed over the chest (*Einthoven\'s Triangle*). During the experiment, participants were monitored and instructed to avoid moving.

Subsequent data reduction and artefact editing of the physiological data parameters were performed using MATLAB-based Autonomic Nervous System Laboratory software (ANSLAB; [@bib0535]) in accordance with recommended procedures ([@bib0045]). To smooth the signals, a 1 Hz low-pass filter was applied to the SC data as well as a 40 Hz low-pass, 50 Hz notch and a 0.5 Hz high-pass filter to the ECG data. Average scores of SCL in microSiemens (μS) and heart rate in beats per minute (BPM) were exported at one-minute intervals to compute mean levels of skin conductance and heart rate over the middle 3 of the 5 min for each phase (baseline, neutral condition, analogue trauma condition).

2.4. Data analysis {#sec0080}
------------------

Independent t-tests and chi-square tests were conducted to examine for any baseline differences in socio-demographic and scenario-specific variables. Paired sample t-tests were performed to test for differences in subjective (anxiety, arousal) and physiological (SC, HR) emotional response between baseline levels and analogue trauma conditions as a manipulation check.

A two-way mixed design MANOVA was applied with method (VR, SDI) as between-subjects factor and condition (neutral, analogue trauma) as within-subjects factor to investigate emotional reactivity (subjective: anxiety, arousal, stress, helplessness; physiological: SC, HR). To capture the emotional response to the experimental conditions and paradigms as well as to control for the individual baseline state levels before the conditions, we calculated a reactivity score by subtracting the mean levels (HR, SC) or subjective ratings of the baseline phase from the respective mean levels and subjective ratings of the neutral as well as the analogue trauma condition.

A one-way MANOVA was conducted to analyse the effect of the stress induction methods VR and SDI (between-group factor) on coping behaviour as well as on intrusive memories one day after analogue trauma (IMQ). Independent sample t-tests were performed to compare VR and SDI regarding intrusive memories, hyperarousal and avoidance (IES-R) one week after analogue trauma.

Effect sizes were reported ([@bib0105]). A significance level of α = 0.05 was used for two-tailed conservative hypothesis testing.

3. Results {#sec0085}
==========

3.1. Sample characteristics {#sec0090}
---------------------------

There were no differences in demographic characteristics, psychopathology symptoms or trait mental imagery between the VR and SDI groups ([Table 1](#tbl0005){ref-type="table"}).Table 1Participant characteristics.Table 1Stress induction paradigmTest statistic*p*Virtual Reality (VR) (*n* = 66)Script-Driven Imagery (SDI) (*n* = 61)Sex*, N* (%)χ^2^(1, *N* = 127) = 0.560.813 female52 (79)47 (77) male14 (21)14 (23)Age (years): *M (SD)*22.38 (4.14)23.44 (7.37)*t*(93) = 0.990.324University qualification, *N* (%)65 (98.5)61 (100.0)χ^2^ (1, *N* = 127) = 0.930.334BSI - GSI: *M (SD)*0.44 (0.40)0.45 (0.44)*t*(125) *=* 0.190.848BDI-S: *M (SD)*22.43 (11.98)22.27 (13.68)*t*(122) = 0.070.945BAI: *M (SD)*2.63 (3.60)2.37 (3.70)*t*(123) = 0.410.686SUIS: *M (SD)*38.35 (9.21)38.23 (8.85)t(124) = 0.070.941Experience in rescue service, *N* (%)3 (4.8)3 (5.2)χ^2^ (1, *N* = 120) = 0.010.933[^1]

3.2. Scenario-specific variables {#sec0095}
--------------------------------

The analogue trauma exposure time for the total sample was 5 min (*M* = 5.26, *SD* = 2.54). We found that the speed of the audio script was mainly perceived as being appropriate for participants\' personal mental imagery, high levels of vividness and perspective-taking from a first-person perspective in SDI as well as low levels of experience with computer games and symptoms of cyber sickness and high levels of presence in VR, thus reflecting a successful method implementation. There were no differences between VR and SDI in central characteristics such as motivation, immersion, trait mental imagery, perceived realness, avoidance and attention. Results for the scenario-specific variables are shown in the Supplementary Table A.1.

3.3. Manipulation check {#sec0100}
-----------------------

Emotional responses to the baseline phase and analogue trauma condition were significantly different regarding subjective anxiety (*t*(124) = 13.44, *p* \< 0.001, *d*~Z~ = 1.20) and arousal (*t*(123) = 12.14, *p* \< 0.001, *d*~Z~ = 1.09) as well as physiological levels of emotional arousal indicated by SC (*t*(106) = 3.03, *p* = 0.003, *d*~Z~ = 0.91) and HR (*t*(106) = 9.40, *p* \< 0.001, *d*~Z~ = 0.29) with higher levels in the analogue trauma condition for anxiety (*M*~BL~ = 0.31, *SD*~BL~ = 0.73 vs *M*~AT~ = 3.43, *SD*~AT~ = 2.63), arousal (*M*~BL~ = 1.84, *SD*~BL~ = 1.65 vs *M*~AT~ = 5.02, *SD*~AT~ = 2.63), SC (*M*~BL~ = 1.34, *SD*~BL~ = 0.57 vs *M*~AT~ = 1.76, *SD*~AT~ = 0.65) and HR (*M*~BL~ = 75.24, *SD*~BL~ = 11.46 vs *M*~AT~ = 78.78, *SD*~AT~ = 14.41), indicating a successful stress induction.

3.4. Psychophysiological emotional reactivity {#sec0105}
---------------------------------------------

Multivariate main effects for method (*F*(6,94) = 4.08, *p* = 0.001, η~p~^2^ =0.74) and condition (*F*(6,94) = 38.15, *p* \< 0.001, η~p~^2^ =0.71) as well as method x condition interaction (*F*(6,94) = 14.43, *p* \< 0.001, η~p~^2^ =0.48) were significant regarding psychophysiological emotional reactivity.

As displayed in [Table 2](#tbl0010){ref-type="table"} and [Fig. 2](#fig0010){ref-type="fig"}, our results revealed significant main effects of method for arousal, SC and HR with a higher emotional reactivity in VR vs SDI in both the neutral and analogue trauma conditions and no significant differences between VR vs SDI for subjective anxiety, stress and helplessness. Significant main effects of stress condition indicated higher reactivity for subjective anxiety, arousal, stress, helplessness, SC and HR in the analogue trauma vs neutral condition in both paradigms.Table 2Emotional reactivity as a function of experimental trauma induction paradigm.Table 2Emotional Reactivity*dfFp*η~p~^2^Method2.390.1260.02ConditionAnxiety1/99104.56\<0.0010.51Method x Condition37.94\<0.0010.28  Method9.850.0020.09ConditionArousal1/9988.00\<0.0010.47Method x Condition25.04\<0.0010.20  Method2.240.1380.02ConditionStress1/9976.98\<0.0010.44Method x Condition27.10\<0.0010.22  Method0.810.3690.01ConditionHelplessness1/9996.16\<0.0010.49Method x Condition32.92\<0.0010.25  Method4.820.0300.05ConditionSkin Conductance1/996.180.0150.06Method x Condition3.500.0640.03  Method11.630.0010.11ConditionHeart Rate1/9955.79\<0.0010.36Method x Condition25.90\<0.0010.21[^2]Fig. 2**Emotional reactivity in the neutral and analogue trauma condition as a function of experimental trauma induction paradigm**. Emotional responses of subjective anxiety, arousal, stress and helplessness as well as physiological arousal by heart rate in beats per minute (BPM) and skin conductance in microSiemens (μS) Virtual Reality or Script-Driven Imagery stress induction compared to the respective neutral situation condition. Significant effects were found for anxiety (Condition, Method x Condition), arousal (Condition, Method, Method x Condition), stress (Condition, Method x Condition), helplessness (Condition, Method x Condition), Heart Rate (Condition, Method, Method x Condition) and Skin Conductance (Condition, Method) reactivity. Error bars represent standard errors of the mean.Fig. 2

Method x condition interaction effects were significant with a higher reactivity for subjective anxiety, arousal, stress, helplessness and HR in the neutral condition and SDI method as well as a higher reactivity in the analogue trauma condition and VR method. No method x condition interaction effect was found for SC.

3.5. Coping behaviour {#sec0110}
---------------------

During analogue trauma, out of the total sample 78.1% approached the emergency, 50.0% activated the fire alarm, and 47.6% took a fire extinguisher. Furthermore, 29.8% addressed the other person, 58.1% stooped over to protect oneself from smoke, and 19.4% extinguished the fire successfully. To leave the situation, 16.9% took an elevator while 41.1% took the stairs and 8.9% the car exit (for classification see 2.3.3).

The multivariate main effect of method on coping behaviour was statistically significant (*F*(1,115) = 28.80, *p* \< 0.001, η~p~^2^ =0.67). As shown in [Table 3](#tbl0015){ref-type="table"} and [Fig. 3](#fig0015){ref-type="fig"}, differences were found between VR and SDI regarding *activate fire alarm*, *take fire extinguisher*, *address person*, *stoop over*, *extinguish fire* and *take stairs or car exit* with higher levels of coping behaviour in the VR paradigm, except for *stoop over*. Stress induction by VR or SDI was not significantly different regarding *approach emergency* and *take elevator*. In addition, the total score of adaptive and maladaptive coping behaviours was significantly different between VR and SDI (*t*(122) = 5.22, *p* \< 0.001) with higher levels in VR (*M* = 31.25, *SD* = 14.72) than SDI (*M* = 19.17, *SD* = 10.58) indicating more adaptive coping behaviours in VR.Fig. 3**Coping behaviour in the analogue trauma condition as a function of experimental trauma induction paradigm.** Adaptive coping behaviours and maladaptive coping behaviour (marked with a grey background) for the given emergency situation are displayed. Between-group differences in coping behaviour based on stress induction by Virtual Reality or Script-Driven Imagery are indicated (\**p*\< 0.001\*\**p* \< 0.01; \*\*\**p* \< 0.001). Error bars represent standard errors of the mean.Fig. 3Table 3Coping behaviour as a function of experimental trauma induction paradigm.Table 3Coping Behaviour*dfFp*η~p~^2^Activate fire alarm1/12216.55\<0.0010.12Approach emergency1/1221.460.2290.01Take fire extinguisher1/1224.050.0460.03Address person1/12213.35\<0.0010.10Stoop over1/12239.77\<0.0010.25Extinguish fire1/12217.23\<0.0010.12Take stairs or car exit1/12237.91\<0.0010.24Take elevator1/1222.300.1320.02[^3]

3.6. Intrusive memories {#sec0115}
-----------------------

One day after analogue trauma, on the IMQ all participants reported intrusive thoughts (*M* = 2.21, *SD* = 0.24), visual images (*M* = 1.82, *SD* = 0.17) and sounds/smells (*M =* 0.90, *SD* = 0.13) as well as worry about intrusive visual images (*M* = 8.98, *SD* = 1.21), thoughts (*M =* 8.06, *SD* = 0.98) and sounds/smells (*M* = 5.07, *SD* = 0.64). Participants reported being mentally occupied with the precipitating event for 8% of the time since they had experienced the event one day before (*M* = 8.27, *SD* = 0.71). Between paradigms, frequencies of intrusive images and levels of related worry were significantly higher in VR vs SDI, particularly for worry about intrusive images ([Table 4](#tbl0020){ref-type="table"}).Table 4Analogue intrusive memories, hyperarousal and avoidance symptoms as a function of experimental trauma induction paradigm.Table 4Stress induction paradigmVirtual Reality (VR)Script-Driven Imagery (SDI)Test statistic*p*ES η~p~^2^/d*M* (*SD*)*M* (*SD*)IMQ Frequency of intrusive images2.28 (2.36)1.35 (1.34)F(1/125) = 7.230.0080.06 Frequency of intrusive thoughts2.63 (2.97)1.79 (2.23)F(1/125) = 3.240.0740.03 Frequency of intrusive sounds/smells1.13 (1.85)0.66 (0.94)F(1/125) = 3.260.0740.03 Worry about intrusive images (% of time)13.12 (18.28)4.83 (4.74)F(1/125) = 11.790.0010.09 Worry about intrusive thoughts (% of time)7.26 (10.59)8.85 (11.43)*F*(1/125) = 0.660.4180.01 Worry about intrusive sounds/smells (% of time)4.31 (5.71)5.83 (8.52)*F*(1/125) = 1.410.2380.01 Mental occupation with event/consequences (% of time)9.21 (8.84)7.33 (7.04)*F*(1/125) = 1.740.1890.01IES-R Intrusion3.22 (3.58)2.61 (3.03)t(101) = 0.930.3560.18 Hyperarousal1.61 (2.61)2.37 (4.29)t(78) = 1.070.2890.22 Avoidance3.91 (4.77)5.92 (7.27)t(82) = 1.640.1040.33 Total score8.74 (9.06)10.90 (12.33)t(101) = 1.020.3110.20[^4]

At the one-week follow-up assessment, on the IES-R all participants reported avoidance of stimuli related to the analogue trauma (*M* = 4.86, *SD* = 6.14), intrusions (*M* = 2.93, *SD* = 3.33) and hyperarousal (*M* = 1.97, *SD* = 3.51) with a mean total score of 9.77 (*SD* = 10.74). The levels of intrusion, hyperarousal and avoidance subscales as well as the total IES-R score were not significantly different between VR and SDI one week after analogue trauma ([Table 4](#tbl0020){ref-type="table"}).

4. Discussion {#sec0120}
=============

We investigated and compared for the first time the impact of two standardised stress inductions using an experimental analogue of a trauma event in either VR or SDI (between subjects) versus a neutral condition (within subjects), on certain peri- and post-traumatic risk-factors including psychophysiological emotional response, coping behaviour and intrusive memories of the event. This real-time assessment of risk factors was performed during the multisensory (visual, ofactory, auditory) analogue of a traumatic event under controlled experimental conditions. Both the VR and the SDI analogue trauma paradigms induced a psychophysiological stress response, coping behaviour and intrusive memories, with a greater extent of these analogue symptoms in VR as predicted.

4.1. Psychophysiological stress response {#sec0125}
----------------------------------------

In general, psychophysiological stress responses were higher for the analogue trauma compared to the neutral condition. Furthermore, subjective and physiological arousal (HR and SC) were also in general higher in VR than SDI for both the analogue trauma and neutral conditions, with a considerable increase in subjective arousal and HR in the analogue trauma condition. This is in line with research showing that both biological markers, SC and HR reflect autonomic activity and emotional arousal ([@bib0035]; [@bib0060]). SC is primarily thought to be regulated by the sympathetic nervous system and thus an increase in SC indicates increased sympathetic activity ([@bib0060]; [@bib0125]). An increase in HR may reflect an increase in sympathetic activity, a decrease in parasympathetic activity, or both because HR typically reflects the modulation of both the sympathetic and the parasympathetic nervous system ([@bib0035]; [@bib0085]). The finding that both, SC and HR, are increased in response to VR supports clearly increased sympathetic activity and, possibly decreased parasympathetic, activity.

In line with our previous work, anxiety, arousal, stress, helplessness and HR were generally lower in the neutral and generally higher in the analogue trauma condition, with considerably increased reactivity in VR compared to SDI. The relatively weaker emotional stress response in SDI might be due to the following reasons: a) more difficulties imagining unpleasant than pleasant events ([@bib0145]; [@bib0275]), b) less personally relevant and detailed mental imagery since no autobiographical references of a previous similar traumatic event of this type existed ([@bib0220]; [@bib0240]) or c) by participants adopting a more verbal, instead of imagery-based, processing of the audio-verbally presented script ([@bib0220]; [@bib0260]). The low level of trait mental imagery in our sample could have led to a less detailed and vivid imagination of the situation in SDI, associated with decreased stress responses ([@bib0220]).

Stronger emotional reactivity in VR might be the result of the additional 3-D visual stimuli presentation ([@bib0155]) or more experienced interactivity with the virtual environment ([@bib0095]). The applied olfactory stimuli seem to have contributed considerably to both analogue trauma simulations, probably via a higher level of experienced realness ([@bib0365]; [@bib0430]).

4.2. Coping behaviour {#sec0130}
---------------------

In the total sample, coping behaviour included a high proportion of adaptive actions, which has been associated with more resilience and less PTSD symptom development ([@bib0500]). This result corresponds to the behavioural pattern shown in real emergency situations ([@bib0090]). Thus, both paradigms seem to offer a possibility for testing and training emergency situations and related coping behaviour in an experimental setting.

Participants showed more adaptive coping behaviour in VR than SDI analogue trauma. This might be the consequence of experiencing the VR analogue trauma as highly arousing, which is associated with increased attention and preparedness to act ([@bib0185]). In addition, the presentation of visual cues in VR might have had increased adaptive coping behaviour by facilitating visual orientation since the visual sense is predominantly used in our daily life (e.g. [@bib0410]; [@bib0420]). This is especially important given some previous research showing that behaviour in VR seems to be transferred into the real world (e.g. [@bib0545]). The only adaptive coping behaviour displayed more frequently in SDI was stooping over in order to protect oneself from smoke. Surprisingly, this was more frequent if it was induced by olfactory stimuli only in SDI compared to combined visual and olfactory presentation in VR. The two paradigms did not differ in terms of dysfunctional coping behaviour. The fact that participants similarly approached the emergency in both paradigms could be related to information-seeking behaviour as an adaptive strategy to better manage the stressful situation ([@bib0090]; [@bib0330]). This further indicates no difference in avoidance of the analogue traumatic event between VR and SDI, which is an important requirement for successful stress induction.

4.3. Intrusive memories {#sec0135}
-----------------------

Both paradigms induced analogue intrusive memories one day after the analogue trauma. In line with previous studies, the frequency of intrusive visual images and thoughts was higher than the frequency of intrusive sounds/smells ([@bib0150]; [@bib0290]; [@bib0475]). Increased intrusive memories in our study might be related to the relatively high levels of peri-traumatic arousal in our study. The mental occupation with the precipitating event in both groups was relatively long considering the nature of an analogue trauma. However, it may also reflect the timely proximity to the analogue trauma event, assuming more mental occupation with the event directly afterwards as a natural response and with a subsequent decline over time. Mental occupation following traumatic events can increase the risk of developing PTSD and maintain PTSD symptoms via maladaptive cognitions such as rumination. This may contribute to a sense of ongoing threat and avoidance of trauma-related stimuli, thus preventing trauma memory elaboration and integration ([@bib0160]; [@bib0200]; [@bib0360]). Furthermore, high levels of intrusion-related worry were found in both groups, which has been associated with avoidance symptoms in PTSD ([@bib0540]).

In particular, we found more frequent intrusive images and higher levels of related worry following VR compared to the SDI paradigm on the IMQ. This might be due to the mainly visual nature of intrusive memories in PTSD (e.g. [@bib0490]) or because the VR analogue trauma was experienced as more stressful ([@bib0100]; [@bib0165]), or more clearly multimodal. The considerably high level of worry about intrusive images might reflect an attempt to avoid the stressful images ([@bib0505]).

After one week, the levels of intrusive memories decreased as measured by the IES-R with no differences between the paradigms.

4.4. Limitations {#sec0140}
----------------

The analogue character of our study compared to a real trauma situation inherently limits the generalisation of our results to the real world, although the reaction patterns appear of a similar type to that in real traumatic situations ([@bib0280]; [@bib0435]). In addition, the opportunities for behavioural coping actions were partly restricted in the analogue trauma situation, but this is also possible in a real emergency. Additionally, the type of emergency used for the analogue trauma (car park fire) may be infrequent in real life. More typical emergency situations, such as responding to a car accident, could be investigated in future studies.

4.5. Implications {#sec0145}
-----------------

Results suggest that certain peri- and post-traumatic risk factors can be readily investigated in real-time and from a first-person perspective under experimentally controlled conditions using only a 5-min simulation in VR and SDI to create an experimental analogue of a traumatic event. VR and SDI seem to be particularly useful laboratory paradigms to study risk factors in psychopathology development and adaptive coping as well as to identify and protect individuals at risk. The added olfactory stimuli demonstrated the potential of augmenting their efficacy.

Our results indicate that VR induces stronger analogue trauma stress reactions compared to the SDI. While VR is complex to perform and still relatively expensive, SDI is an economical alternative as an experimental stress induction. In the case of low levels of trait mental imagery, VR might be preferred to SDI due to the use of external images, which do not rely on participants' memory or imagination ability ([@bib0170]; [@bib0520]). In contrast, a major strength of the SDI paradigm is its ability to flexibly adapt imagery content to an individual's unique personal experience. This may be particularly useful if translation for example to a clinical setting using script driven imagery is used.

There are promising initial studies starting to use the VR approach to test potential treatment mechanisms ([@bib0135]). As yet only a few real-time approaches exist that target peri- and post-traumatic stress responses in a clinical intervention against symptoms of post-traumatic stress ([@bib0110]; [@bib0250]; [@bib0370]; [@bib0395]). Thus, having improved laboratory paradigms to aid intervention development via a focus on the underlying mechanims could be very useful ([@bib0230]). That is, future studies aiming to prevent stress-associated psychopathology might benefit from the use of VR and SDI analogue trauma induction for developing preventive real-time interventions.

5. Conclusions {#sec0150}
==============

Our study showed that using a VR or SDI paradigm to create a multisensory analogue of a traumatic event in the laboratory allowed the investigation of peri- and post-traumatic factors that may confer risk for stress-associated disorders in real-time. Both paradigms induced psychophysiological stress responses, coping behaviour and intrusive memories, with a greater extent of these analogue symptoms with VR. VR and SDI may be further applied for the identification and protection of individuals who may be at clinical risk following exposure to a traumatic event. Both paradigms offer also novel experimental psychopathology models for studying trauma exposure and responses experimentally, and may provide important and valid insights about peri- and post-traumatic risk-factors. The development of future prevention and treatment applications might benefit from harnessing analogue trauma induction methods by VR or SDI, and in the future may allow us to perform peri- and post-traumatic real-time interventions under controlled settings.
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Supplementary material related to this article can be found, in the online version, at doi:<https://doi.org/10.1016/j.janxdis.2018.08.005>.

[^1]: *Note*. BSI-GSI = Brief Symptom Inventory-Global Severity Index; BDI-S = Beck Depression Inventory-S (simplified version; note that the clinical cut-off score of 35 is different from the original BDI/BDI-II); BAI = Beck Anxiety Inventory; SUIS = Spontaneous Use of Imagery Scale.

[^2]: *Note.* Subjective emotional reactivity was assessed by responses of anxiety, arousal stress and helplessness; physiological emotional reactivity was measured by skin conductance and heart rate responses.

[^3]: *Note*. All listed coping behaviours were classified as adaptive, except "Take elevator" which was classified as maladaptive in the given emergency situation.

[^4]: *Note.* IMQ = Intrusive Memory Questionnaire; IES-R = Impact of event scale -- Revised.
